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
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
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
6XPPDU\
&DUERQUHF\FOLQJLQZKLFKRUJDQLFZDVWHLVUHF\FOHGLQWRFKHPLFDOIHHGVWRFNIRUPDWHULDOSURGXFWLRQPD\SURYLGHEHQHILWVLQ
UHVRXUFHHIILFLHQF\DQGDPRUHF\FOLFDOHFRQRP\EXWPD\DOVRFUHDWHWUDGHRIIVLQLQFUHDVHGLPSDFWVHOVHZKHUH:H
LQYHVWLJDWHWKHV\VWHPZLGHHQYLURQPHQWDOEXUGHQVDQGFRVWDVVRFLDWHGZLWKFDUERQUHF\FOLQJURXWHVFDSDEOHRIFRQYHUWLQJ
PXQLFLSDOVROLGZDVWH06:YLDJDVLILFDWLRQDQG)LVFKHU7URSVFKV\QWKHVLVLQWRHWK\OHQH5HVXOWVDUHFRPSDUHGWREXVLQHVV
DVXVXDO%$8FDVHVLQZKLFKHWK\OHQHLVGHULYHGIURPIRVVLOUHVRXUFHVDQGZDVWHLVHLWKHUODQGILOOHGZLWKPHWKDQHDQGHQHUJ\
UHFRYHU\%$8RULQFLQHUDWHG%$8ZLWKHQHUJ\UHFRYHU\0RQWH&DUORDQGVHQVLWLYLW\DQDO\VLVLVXVHGWRDVVHVV
XQFHUWDLQWLHVRIWKHUHVXOWV5HVXOWVLQGLFDWHWKDWFDUERQUHF\FOLQJPD\OHDGWRDUHGXFWLRQLQFXPXODWLYHHQHUJ\GHPDQG&('
WRWDOPDWHULDOUHTXLUHPHQW705DQGDFLGLILFDWLRQZKHQFRPSDUHGWR%$8*OREDOZDUPLQJSRWHQWLDO*:3LVIRXQGWR
EHVLPLODURUVOLJKWO\ORZHUWKDQ%$8DQG%$8,QFRPSDULVRQWR%$8FDUERQUHF\FOLQJUHVXOWVLQKLJKHU&('705
DFLGLILFDWLRQDQGVPRJSRWHQWLDOPDLQO\DVDUHVXOWRIODUJHUIRVVLOEDVHGHQHUJ\RIIVHWVIURPHQHUJ\UHFRYHU\+RZHYHULID
UHQHZDEOHSRZHUPL[HQYLVLRQHGIRUWKHIXWXUHLVDVVXPHGWREHRIIVHW%$8LPSDFWVPD\EHVLPLODURUKLJKHUWKDQFDUERQ
UHF\FOLQJURXWHV3URGXFWLRQFRVWSHUNLORJUDP06:GHULYHGHWK\OHQHUDQJHEHWZHHQ86WR-DQ867KLV
FRPSDUHVWR86SHUNLORJUDPIRUIRVVLOEDVHGHWK\OHQH:DVWHGHULYHGHWK\OHQHEUHDNVHYHQZLWKLWVIRVVLOEDVHG
FRXQWHUSDUWDWDWLSSLQJIHHRIURXJKO\SHUPHWULFWRQRIZDVWHIHHGVWRFN

KHDGLQJOHYHO!,QWURGXFWLRQ
KHDGLQJOHYHO!&KDOOHQJHV
7KHXVHRIIRVVLOIXHOVLVFRPPRQLQHQHUJ\JHQHUDWLRQDQGLQWKHSURGXFWLRQRIFKHPLFDOIHHGVWRFNVVXFKDVROHILQV
DQGWKHLUVXEVHTXHQWSRO\PHUV6KLIWLQJWKHUHVRXUFHEDVHIRUFKHPLFDODQGHQHUJ\SURGXFWLRQIURPIRVVLOIHHGVWRFNVWR
UHQHZDEOHUDZPDWHULDOVLVVHHQE\PDQ\DVRQHRIWKHNH\VWUDWHJLHVWRZDUGVVXVWDLQDEOHGHYHORSPHQW&XUUHQWUHVHDUFKDQG
SROLF\LQLWLDWLYHVIRFXVPDLQO\RQWKHXWLOL]DWLRQRIOLJQRFHOOXORVHELRPDVVRULJLQDWLQJIURPDJULFXOWXUHDQGIRUHVWU\DVVHFRQG


JHQHUDWLRQIHHGVWRFNVIRUELRHQHUJ\SURGXFWLRQLHIXHOVKHDWDQGHOHFWULFLW\%ULQJH]XDQG6FKW]%ULQJH]XHWDO
(DUOH\DQG0F.HRZQ
+RZHYHUJLYHQDFHUWDLQSURGXFWLYLW\SHUDUHDWKHFXUUHQWPDVVLYHJURZWKLQJOREDOELRIXHOVGHPDQGPD\LQWKHORQJ
WHUPRQO\EHPHWWKURXJKDQH[SDQVLRQRIJOREDODUDEOHODQGDWWKHH[SHQVHRIQDWXUDOHFRV\VWHPVDQGLQGLUHFWFRPSHWLWLRQ
ZLWKWKHIRRGVHFWRU%ULQJH]XHWDO$OWKRXJKPDQ\VWXGLHVKDYHVKRZQWKHSRWHQWLDORIELRIXHOVSURGXFWLRQWRUHGXFH
ERWKJUHHQKRXVHJDVHPLVVLRQVDQGQRQUHQHZDEOHHQHUJ\FRQVXPSWLRQ0HQLFKHWWLDQG2WWR=DKDQGFROOHDJXHV
WKHVHSURGXFWLRQURXWHVDUHVWLOOOLQHDUSURFHVVHVZKLFKGHSHQGRQVLJQLILFDQWDPRXQWVRIDJULFXOWXUDORUIRUHVWU\SURGXFWLRQ
DUHDDQGDJURZLQJGHPDQGPD\FRQWULEXWHWRLQFUHDVHGODQGXVHFKDQJHDQGUHODWHGWUDGHRIIV%ULQJH]XHWDO

KHDGLQJOHYHO!)XWXUHYLVLRQ
,QWKHIXWXUHFDUERQDFHRXVIHHGVWRFNVDQGDOORWKHUQDWXUDOUHVRXUFHVZLOOQHHGWREHXVHGPXFKPRUHHIILFLHQWO\DQG
WKHLUXVHSKDVHZLWKLQWKHWHFKQRVSKHUHSURORQJHG&DVFDGLQJXVHLHZKHQELRPDVVLVXVHGIRUPDWHULDOSURGXFWVHJ
FKHPLFDOVDQGVXEVHTXHQWSRO\PHUVSXOS	SDSHUFRQVWUXFWLRQPDWHULDOVILUVWDQGWKHHQHUJ\FRQWHQWLVUHFRYHUHGDWWKHHQG
RIOLIHPD\SURYLGHDJUHDWHUHQYLURQPHQWDOEHQHILWWKDQSULPDU\XVHDVIXHO%ULQJH]XHWDO'RUQEXUJ$UQROGHW
DO:HLVVHWDO
*RLQJKDQGLQKDQGZLWKELRPDVVFDVFDGLQJWKHUHF\FOLQJRIFDUERQIORZVIURPRUJDQLFZDVWHLHELRGHJUDGDEOH
PXQLFLSDOVROLGZDVWH%06:DQGUHIXVHGHULYHGIXHO5')FRQVWUXFWLRQDQGGHPROLWLRQGHULYHGELRPDVVSODVWLFVZDVWHV
DQGLQGXVWULDORUJDQLFZDVWHVFRXOGKHOSWRIXUWKHUUHGXFHSUHVVXUHVRQJOREDOWHUUHVWULDOHFRV\VWHPV&XUUHQWO\YDVWDPRXQWV
RIRUJDQLFZDVWHDUHGLVFDUGHGWRODQGILOOVDQGLQFLQHUDWRUVLQLQGXVWULDOL]HGFRXQWULHV(3$86(QYLURQPHQWDO3URWHFWLRQ
$JHQF\DE(XURVWDW5DSLGHFRQRPLFJURZWKDQGULVHLQFRPPXQLW\OLYLQJVWDQGDUGVLQPDQ\RIWKHORZRU
PLGGOHLQFRPHFRXQWULHVDUHOLNHO\WRDFFHOHUDWHJOREDOZDVWHJHQHUDWLRQDQGGLVSRVDOUDWHV81+$%,7$7'LVSRVDO
KDSSHQVGHVSLWHWKHIDFWWKDWRUJDQLFZDVWHEHLQJULFKLQFDUERQFRXOGVHUYHLQFUHDVLQJO\DVIHHGVWRFNIRUWKHUPRFKHPLFDOLH


JDVLILFDWLRQDQGS\URO\VLVDQGELRFKHPLFDOLHIHUPHQWDWLRQDQGDQDHURELFGLJHVWLRQWHFKQRORJLHVFDSDEOHRIUHFRYHULQJWKH
FDUERQIRUIXUWKHUXVHDVFKHPLFDOIHHGVWRFNµFDUERQUHF\FOLQJ¶
,QVWHDGRIUHOHDVLQJFDUERQVWRUHGLQWKHRUJDQLFZDVWHLQWRWKHDWPRVSKHUHE\DSSO\LQJFRQYHQWLRQDOZDVWH
PDQDJHPHQW:0SUDFWLFHVVXFKDVLQFLQHUDWLRQFDUERQUHF\FOLQJDLPVDWFDSWXULQJWKHFDUERQIRUXVHDVPDWHULDOIHHGVWRFN
%ULQJH]X7HFKQRORJLHVVXFKDVJDVLILFDWLRQDQGDQDHURELFGLJHVWLRQDOORZWKHJHQHUDWLRQRIDV\QJDV&2DQG
+RUELRJDV&+IURPRUJDQLFZDVWHWKDWFDQVHUYHDVIHHGQRWRQO\IRUHQHUJ\UHFRYHU\EXWDOVRIRUFDWDO\WLFFRQYHUVLRQ
WRZDUGVLPSRUWDQWEDVHFKHPLFDOVVXFKDVQDSKWKDDQGROHILQV)RUH[DPSOHWKH)LVFKHU7URSVFKV\QWKHVLV)766SDWKDQG
'D\WRQUHSUHVHQWVDZLGHO\DSSOLHGURXWHWRSURYLGHEDVHK\GURFDUERQPL[WXUHVIURPV\QJDVZKLFKFRXOGWKHQVHUYHDV
DQLQWHUPHGLDWHWRZDUGVORZHUROHILQVLHHWK\OHQHDQGSURS\OHQHGH.OHUNHWDO5HGPDQ6WH\QEHUJHWDO
'DQFXDUHWDO6LPLODUO\PHWKDQROWRROHILQV072V\QWKHVLVDOORZVWKHSURGXFWLRQRIROHILQVIURPV\QJDV(WK\OHQH
IRULQVWDQFHUHSUHVHQWVDFKHPLFDOLQWHUPHGLDWHIURPZKLFKDYDULHW\RIGLIIHUHQWSURGXFWVFDQEHREWDLQHGLQSDUWLFXODU
SRO\PHUVVXFKDVSRO\HWK\OHQHSRO\SURS\OHQHSRO\HWK\OHQHWHUHSKWKDODWHSRO\YLQ\OFKORULGHDQGSRO\VW\UHQH0RUVFKEDFNHU
*HQHUDWLQJVXEVHTXHQWV\QWKHWLFPDWHULDOVZRXOGDOORZWKHFDUERQWRVWD\ORQJHULQWKHXVHSKDVHWKHUHIRUHDGGLQJWR
WKHVWRFNRIGXUDEOHJRRGVLQWKHWHFKQRVSKHUH3RO\PHUVJHQHUDWHGFRXOGEHUHF\FOHGDWWKHHQGRISURGXFWOLIHWRSURYLGH
IHHGVWRFNIRUHLWKHUHQHUJ\JHQHUDWLRQRUIRUWKHSURGXFWLRQRIV\QJDVIRUFKHPLFDOVV\QWKHVLVWKHUHIRUHFORVLQJWKHORRS
1XVVDQGFROOHDJXHV
+RZHYHUZKLOHDQXPEHURIVWXGLHVORRNHGDWWKHSRWHQWLDOVRIXWLOL]LQJWKHRUJDQLFZDVWHIUDFWLRQIRUERWK
WKHUPRFKHPLFDODQGELRFKHPLFDOFRQYHUVLRQVHH1XVVDQGFROOHDJXHVIRUDOLWHUDWXUHVXPPDU\DQGVRPHUHFHQW
VWXGLHVLQYHVWLJDWHGHQYLURQPHQWDOEXUGHQVDVVRFLDWHGZLWKHQHUJ\DQGIXHOVSURGXFWLRQIURPRUJDQLFZDVWHIHHGVWRFN%H]
DQGFROOHDJXHV&KHVWHUDQG0DUWLQ.DORJRDQGFROOHDJXHV.KRR0QVWHUDQG/XQG1XVVDQG
FROOHDJXHV6WLFKQRWKHDQG$]DSDJLFNQRZOHGJHRIWKHV\VWHPZLGHHQYLURQPHQWDOLPSDFWVDQGHFRQRPLFFRVWV
DVVRFLDWHGZLWKWKHSURYLVLRQRIFKHPLFDOIHHGVWRFNDQGVXEVHTXHQWSRO\PHUVQRWMXVWELRIXHOVDQGHQHUJ\LVVWLOOOLPLWHG



KHDGLQJOHYHO!5HVHDUFKTXHVWLRQ
$JDLQVWWKLVEDFNJURXQGWKHFHQWUDOUHVHDUFKTXHVWLRQDGGUHVVHGLQWKLVSDSHULV:KDWDUHWKHOLIHF\FOHZLGH
HQYLURQPHQWDOEXUGHQVDVVRFLDWHGZLWKWKHSURGXFWLRQRIHWK\OHQHIURP06:YLDWKHUPRFKHPLFDOURXWHVDQGKRZGRWKHVH
FRPSDUHWRFRQYHQWLRQDOIRVVLOEDVHGSURGXFWLRQURXWHVDVZHOODVWRFXUUHQW:0SUDFWLFHVLHODQGILOOLQJDQGLQFLQHUDWLRQ"
:KLOHVHYHUDOURXWHVDUHSRWHQWLDOO\FDSDEOHRIUHFRYHULQJFDUERQIURPRUJDQLFZDVWHIRUHWK\OHQHSURYLVLRQWKLVSDSHUIRFXVHV
VSHFLILFDOO\RQWKHFRPELQDWLRQRIJDVLILFDWLRQ)76DVDQH[DPSOHRIFDUERQUHF\FOLQJIRUZKLFKVXIILFLHQWLQYHQWRU\GDWDLV
DYDLODEOH,QDGGLWLRQWRHQYLURQPHQWDOEXUGHQVWKHVWXG\LQFOXGHVDFRVWDQDO\VLVRIVRPHRIWKHFDUERQUHF\FOLQJURXWHV
LQYHVWLJDWHG(WK\OHQHZDVFKRVHQDVLWFXUUHQWO\UHSUHVHQWVRQHRIWKHPRVWYHUVDWLOHLQWHUPHGLDWHVDQGKLJKO\RSWLPL]HG
SURGXFWLRQURXWHVULJRURXVUHIHUHQFHIRUFRPSDULVRQWRZDUGVLQGXVWULDOSRO\PHUSURGXFWLRQ/DQGILOOLQJDQGLQFLQHUDWLRQDUH
FKRVHQDVFRPSDUDWLYHEXVLQHVVDVXVXDOV\VWHPVVLQFHWKHPDMRULW\RIZDVWHLQWKH8QLWHG6WDWHV86LVFXUUHQWO\WUHDWHG
YLDWKHVHURXWHV

KHDGLQJOHYHO!0HWKRGV
KHDGLQJOHYHO!/LIHF\FOHDVVHVVPHQW/&$
7KHPDLQUHVHDUFKPHWKRGXVHGLV/&$,62,QWHUQDWLRQDO6WDQGDUG2UJDQL]DWLRQDEWRHYDOXDWHWKH
V\VWHPZLGHHQYLURQPHQWDOLPSDFWVRIFDUERQUHF\FOLQJDQGFRPSDUDWLYHV\VWHPV7KHZDVWHWRHWK\OHQHIRUHJURXQGV\VWHP
LQFOXGHV3K\VLFDOVRUWLQJRIWKHPL[HGZDVWHIHHGVWRFN06:FODVVLILFDWLRQDQGGLYHUVLRQRIWKHUHIXVHGHULYHG
ELRGHJUDGDEOHIUDFWLRQ%06:WRWKHJDVLILFDWLRQ)76SODQW*DVLILFDWLRQDQGV\QJDVFOHDQLQJ&DWDO\WLFFRQYHUVLRQ
)76IROORZHGE\V\QFUXGHXSJUDGLQJDQG6WHDPFUDFNLQJWRREWDLQWKHILQDOHWK\OHQHSURGXFWµFUDGOHWRIDFWRU\JDWH¶
/LIHF\FOHLQYHQWRU\/&,GDWDFRPHVIURPSXEOLFDOO\DYDLODEOHVRXUFHVLQFOXGLQJVFLHQWLILFSXEOLFDWLRQVDQGWHFKQLFDOUHSRUWV
DVZHOODV/&,GDWDEDVHV(FRLQYHQW15(/1DWLRQDO5HQHZDEOH(QHUJ\/DERUDWRU\DQGLVJLYHQLQGHWDLOLQWKH
VXSSRUWLQJLQIRUPDWLRQDYDLODEOHRQWKHMRXUQDO
V:HEVLWH&RQYHUVLRQV\VWHPVDUHDVVXPHGWREHORFDWHGLQWKH86XVLQJUHJLRQ
VSHFLILFLQYHQWRU\GDWDZLWKUHJDUGVWRZDVWHFRPSRVLWLRQWHFKQRORJLFDOSDUDPHWHUVDQGEDFNJURXQGGDWDWRWKHH[WHQW


SRVVLEOH7HFKQRORJLHVLQYHVWLJDWHGDUHH[LVWLQJSURFHVVHVIRUZKLFKGDWDLVDYDLODEOHRQSLORWRUGHPRQVWUDWLRQVFDOHHJ
ZDVWHJDVLILFDWLRQDQG)76DVZHOODVFXUUHQWO\RSHUDWHGSURFHVVHVHJPXQLFLSDOVROLGZDVWH06:FODVVLILFDWLRQDQG
QDSKWKDVWHDPFUDFNLQJ6LPD3UR/&$VRIWZDUHZDVXVHGWRGHYHORSWKH/&$PRGHODQGFDUU\RXWWKHOLIHF\FOHLPSDFW
DVVHVVPHQW/&,$$FRPELQDWLRQRIFRPPRQO\XVHG/&,$PHWKRGVLVXVHGWRDVVHVVJOREDOZDUPLQJSRWHQWLDO*:3DQG
FXPXODWLYHHQHUJ\GHPDQG&('*RHGNRRSHWDOWRWDOPDWHULDOUHTXLUHPHQW7050,364/HWWHQPHLHUHWDO
5LWWKRIIHWDOZDWHUXVH*RHGNRRSHWDODQGDFLGLILFDWLRQDQGVPRJ%DUHDQGFROOHDJXHV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WUHDWPHQWODQGILOOLQJRULQFLQHUDWLRQ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Figure 1. Production of ethylene as waste management option. The functional unit for comparison is 1 kg of ethylene at the factory gate. BAU: 
Business-As-Usual. MSW: Municipal Solid Waste. BMSW: Biodegradable Municipal Solid Waste (refuse-derived from front-end classification). FT: 
Fischer-Tropsch.  
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XVLQJWKHFDSLWDOUHFRYHU\IDFWRU&5)
ܥܴܨ = [ݎ(1 + ݎ)
௠]
[(1 + ݎ)௠ െ 1]
,QWKLVHTXDWLRQPLVWKHQXPEHURI\HDUVRYHUZKLFKWKHFRVWLVDOORFDWHGDQGUHTXDOVWKHGLVFRXQWUDWH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1 kg of fossil-based ethylene. SD: Standard deviation. 2.5%/97.5% represents the 95% confidence interval according to Monte-Carlo (MC) analysis. 
A total of 1000 MC runs were carried out for each parameter and system under investigation. One gram (g) = 10-3 ŬŝůŽŐƌĂŵƐ;ŬŐ͕^/ͿуϬ͘ϬϯϱŽƵŶĐĞs 
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Figure 2. Relative contributions of unit processes to system-wide environmental burdens of municipal solid waste (MSW)-to-ethylene technologies. 
Negative burdens indicate energy offsets from excess electricity co-produced at the Fischer-Tropsch Synthesis (FTS) unit (system expansion) and/or 
carbon storage. *TMR for the Choren system has been excluded due to the aggregated nature of the dataset. **FTS for the Choren plant includes 
gasification and FT-naphtha production (aggregated dataset). GWP: Global Warming Potential; ͗ƵŵƵůĂƚŝǀĞŶĞƌŐǇĞŵĂŶĚ͖ TMR: Total 
Material Requirement; AP: Acidification potential; WU: Water use. 
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Figure 3. Sensitivity of the production cost of the Battelle carbon recycling system to the parameter variation. Please note that 100% on the axis 
corresponds to the base value of the cost model (zero variation). BMSW: Biodegradable Municipal Solid Waste. FT: Fischer-Tropsch. 

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Supporting Information S1: This supporting information contains further details on 
LCA methodology, the assumptions used for the carbon recycling systems along with 
tables of the foreground life cycle inventories, and contribution analysis for each carbon 
recycling system and impact category. In addition, detailed figures for the sensitivity 
analysis are provided. 
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